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a b s t r a c t

The adverse effects of ammonia and related compounds commonly found in wastewater streams have
promoted the development of more efficient methods for their removal. In this study, polypropylene
hollow-fiber membranes were used to achieve this purpose. A dilute solution of sulfuric acid was used
as a stripping solution to accelerate the removal of the ammonia from aqueous solutions. The effects of
several factors such as the initial concentrations of the ammonia and sulfuric acid solutions, the pH of
the ammonia feed, the velocity of the feed streams and the presence of excess ions in the ammonia feed
solution on the overall mass transfer of the ammonia were investigated. The Taguchi method was used
to design the experiments and analyze the results.

Polypropylene hollow-fiber membranes were found to be very effective in separating ammonia from
astewater
olypropylene the waste waters, in proper conditions, ammonia removal of over 99% was achieved. Results show that

the initial concentrations and velocities of the ammonia and sulfuric acid solutions had negligible effects
on the ammonia removal in the range studied. Increasing the pH value of ammonia feed solution up
to 10 improved the removal of ammonia significantly while further increasing the pH to the higher
values resulted in insignificant improvements. Raising the ammonia feed velocity enhanced the ammonia

ied.
removal in the range stud

. Introduction

Ammonia is a common contaminant in both municipal and
ndustrial wastewaters. The concentration of NH3–N may vary from

to 1000 mg/L in industrial wastewater such as coking, chemical
ertilizer, coal gasification, petroleum refining, pharmaceutical and
atalyst factory [1]. The ammonia concentration in the municipal
aste may vary from 10 to 200 mg/L [2]. The presence of exces-

ive amounts of nitrogen compounds in the receiving streams can
ause a significant pollution burden. The potential drawbacks of the
itrogen release in the water streams involve decreased dissolved
xygen required for the aquatic life, toxic effects on fish, reduced
isinfection efficiency and accelerated corrosion of metals and con-
truction materials. The removal of nitrogen compounds is thus
equired to protect both the environment and human health [1,2].

Treatment methods for ammonia removal include nitrification–
enitrification, break point chlorination, chlorination–

echlorination, air/steam stripping, ion exchange and adsorp-
ion [1–5]. However, all these methods have limitations and
hortcomings. Conventional methods for ammonium and organic
emoval from the municipal and industrial wastewaters are mostly

∗ Corresponding author. Tel.: +98 21 77240496; fax: +98 21 77240495.
E-mail address: ashrafi@iust.ac.ir (S.N. Ashrafizadeh).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.05.036
© 2010 Elsevier B.V. All rights reserved.

based on biological treatments [4]. However, the effectiveness of
these processes is restricted by slow bioconversion and unfavor-
able environmental factors. On the other hand, it is difficult to
treat wastewater by a conventional biochemical process when
its NH3–N concentration is higher than 300 mg/L. In these cases
the ammonia concentration must be reduced prior to biochemical
treatment [5,6]. Chlorination and ion-exchange processes have
also occasionally been applied to industrial wastewaters contain-
ing high levels of ammonia. However, the disadvantages are their
high cost and difficult maintenance due to the chemicals used in
the oxidation and regeneration steps [4,7,8].

Development of hollow-fiber membrane contactors provides an
attractive alternative for the removal of volatile contaminants such
as ammonia [9]. A membrane contactor is a device that achieves
liquid/liquid and gas/liquid mass transfer without the dispersion
of one phase within another. The hollow fibers used are commonly
microporous and hydrophobic. In the case of the gas/liquid separa-
tion, the membrane prevents aqueous solution, which has higher
surface tension penetrating gas-filled pores, since it is hydropho-
bic. The volatile compound will volatilize from the feed, diffuse

through the gas-filled membrane pores, and can then be swept
away by a sweep gas, sucked up by a vacuum or reacted with a
stripping solution [10,11]. Compared to conventional absorption or
stripping processes, such as bubble columns and packed beds, the
use of hydrophobic hollow-fiber membrane contactors provides a

dx.doi.org/10.1016/j.cej.2010.05.036
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:ashrafi@iust.ac.ir
dx.doi.org/10.1016/j.cej.2010.05.036
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Table 1
Specifications of the hollow fiber membrane contactor.

Hollow-fiber membrane module 2.5 × 8 Liqui-Cel membrane
Membrane fiber/potting material Polypropylene/polyethylene
Fiber OD/ID 300/220 �m
Membrane porosity 40%

Liquid flow limits
Shell side 0.16–1.8 m3/h
Lumen side 0.1–0.7 m3/h

Priming volume
Shell side 0.4 L
Lumen side 0.15 L

Maximum shell side allowable working
temperature/pressure

40 ◦C, 7.2 bar
70 ◦C, 2.0 bar

Maximum lumen side allowable working
temperature/pressure

15–25 ◦C, 4.8 bar

reported is the arithmetic mean of at least two replicate experi-
ments.
S.N. Ashrafizadeh, Z. Khorasani / Chemi

umber of advantages. These include: a larger interfacial area per
nit volume, which provides fast removal of the volatile contam-

nants; independent control of gas and liquid flow rates without
ausing any flooding, loading or foaming; the lack of production of
ny secondary pollutants and the possibility of recovery and reuse
f volatile compounds. Furthermore, due to the tangential nature of
he flow in the membrane contactors, the gas stripping process does
ot require operation at a high-pressure drop. This also contributes
o lower capital cost and ease of operation [11–15].

In this process, the feed and stripping solutions were flowing
n either side of a membrane and the hollow-fiber membrane
rovided a barrier between two liquid phases. It was the aim of
his work to investigate the performance of polypropylene hollow-
ber membrane contactors for ammonia removal from aqueous
olutions under different processing conditions and to define the
perational parameters necessary to remove ammonia efficiently.
he factors investigated are the initial concentrations of the ammo-
ia and sulfuric acid solutions, the pH of the ammonia feed solution,
he feed stream velocities and the presence of excess electrolytes
n the feed solution. Other researchers using membrane contactors
s a technique of ammonia removal have investigated the effect of
ifferent parameters individually [14,15]. In this work, we inves-
igate the possible effect of parameters upon each other using the
aguchi method for experimental design.

A common approach to optimize operating parameters of a par-
icular process is to perform all or some of the possible experiments
mploying one at a time, i.e. varying a parameter while keeping the
thers constant, or trial and error methods with the design variables
o find a feasible or optimum condition. Such an approach may be
ime consuming and expensive when multiple factors are involved.
o prevent this problem, experimental design can be achieved using
actorial design. This technique aims to discover the combinations
f factors that give the best combination. However, employing a full
actorial experimental design is restricted when many factors and
evels are studied [16,17]. Analysis of variance (ANOVA) was used to
nalyze the results of the experiments and to determine the contri-
ution of each influencing factor [18,19]. Thus, the Taguchi method
as employed for experimental design while the ANOVA technique
as used for data analysis.

. Materials and methods

.1. Reagents

All chemicals used were analytical grade reagents from Merck.
ll aqueous solutions and dilutions were prepared using dis-

illed water. Solutions containing ammonia were prepared through
ddition of measured volumes of ammonium hydroxide to dis-
illed water. Aqueous ammonium solutions were buffered with
otassium dihydrogen phosphate and di-potassium hydrogen
hosphate. The stripping solution was prepared through the addi-
ion of specified volumes of sulfuric acid to distilled water. Sodium
hloride salt was used to investigate the effect of presence of exces-
ive ions on the ammonia removal. The ammonia concentration in
he solution was analyzed by Nesslerization [20]. The concentra-
ion of ammonia in the samples was measured using a UV–visible
canning Spectrophotometer, Camspec M350 model [20].

.2. Membrane contactor
A laboratory-scale membrane contactor with polypropylene
icroporous hollow fibers from Liqui-Cel Company was used.
ore details on the specifications of this module are given in

able 1.
Pore diameter 0.03 �m
Shell side geometric void fraction 0.40

2.3. Experimental procedure

The setup for ammonia removal is shown in Fig. 1. The ammonia
feed solution was pumped through the lumen of the hollow-fiber
membrane, while the stripping solution containing sulfuric acid
was pumped into the shell side of the hollow-fiber membrane.
Both solutions were recycled to their respective reservoirs. All the
experiments were carried out at about 20 ◦C and a thermometer
was installed in each reservoir to measure the temperature of the
solutions during the experiments. According to Eq. (1) the reaction
between NH4OH and H2SO4 is exothermic and thus the ammonia
feed temperature was slightly increased during the experiments.
Therefore a cooling water system was used to maintain the tem-
perature constant. The hydrophobic membrane isolated the two
aqueous solutions and the ammonia diffused across the micro-
pores in the membrane wall, but water could not pass through
the hydrophobic membrane. As a result, the ammonia in the raw
solution decreased by reaction forming ammonium salt in the acid
solution.

2NH4OH + H2SO4 → (NH4)2 + SO4 + 2H2O + Q (1)

2.4. Analytical procedure

At regular time intervals, 1 mL samples were taken from the
feed solution and were immediately diluted to a certain volume.
The concentration of ammonia was then determined by Ness-
lerization tests of the dilute solutions. Each experimental result
Fig. 1. The schematic representation of the experimental set up.
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Fig. 2. Typical results showing the procedure of K determination.

.5. Determination of overall mass transfer coefficient

The overall mass transfer coefficient, K, was determined exper-
mentally as follows [14]:

= V

At
ln

C0

Ct
, (2)

here, K, V, A, C0 and Ct are the overall mass transfer coefficient,
otal volume of feed solution, membrane surface area, concentra-
ion of ammonia at initial and time t in the bulk feed solution,
espectively. Therefore, plotting ln(C0/Ct) vs. t yielded a straight
ine. Typical results are shown in Fig. 2. Using Eq. (2) the overall

ass transfer coefficient, K, can be calculated from the slope of the
ine.

.6. Experimental design

.6.1. Theoretical background of the Taguchi method
The Taguchi method was used to design the experiments. Dif-

erent steps of the Taguchi approach to experimental design are
16–17,21]:

I. Determine the quality characteristic to be optimized. Qual-
ity characteristic is the output or the response variable to be
observed.
II. Identify the noise factors and test conditions. Noise factors are
those parameters which are either uncontrollable or are too
expensive to control.

III. Identify the control parameters and their alternative levels.
Control parameters are those design factors that can be set

able 2
alue of mass transfer coefficient obtained in various runs.

Run Parameters

Ammonia feed velocity (m/s) Ammonia feed pH Ammonia feed initial

1 0.053 8 50
2 0.053 9 200
3 0.053 10 400
4 0.053 11 800
5 0.106 8 200
6 0.106 9 50
7 0.106 10 800
8 0.106 11 400
9 0.160 8 400

10 0.160 9 800
11 0.160 10 50
12 0.160 11 200
13 0.213 8 800
14 0.213 9 400
15 0.213 10 200
16 0.213 11 50
gineering Journal 162 (2010) 242–249

and maintained. The number of levels for each test parameter
defines the experimental region.

IV. Design the matrix experiment. The Taguchi has many stan-
dard orthogonal arrays and corresponding linear graphs for the
control parameters to fit a specific study. For this study, an L
orthogonal array was selected based on the number of factors
and levels. These are shown in Tables 2 and 3.

V. Conduct the matrix experiment. A matrix experiment consists
of a set of experiments in which the settings of the various
parameters are varied.

VI. Analyze the data and determine the optimum parameter con-
figuration after the experiments are conducted. To analyze
the results, the Taguchi method uses a statistical measure
of performance called the signal-to-noise (SN) ratio. The SN
ratio, the ratio of the mean (signal) to the standard deviation
(noise), is a performance measure to choose control levels that
best cope with noise. The SN equation depends on the cri-
terion for the quality characteristic to be optimized. While
there are many different possible SN ratios, three of them
are considered standard and are generally applicable in the
most situations: biggest-is-best, smallest-is-best and nominal-
is-best. Whatever the type of quality or cost characteristic, the
transformations are such that the SN ratio is always interpreted
in the same way. For the larger the better, as in this study, the
following relation is used for SN calculation:

SN = −10log

(
1
n

n∑
i=1

1
K2

)
, (3)

where n is the number of experiments and K is the response of
each experiment that is the overall mass transfer of ammonia
and was calculated according to Eq. (2). Notice that the SN ratio
is expressed on a decibel scale.

VII. Predict the performance at these levels. When the Taguchi
method is used for experimental design, the predicted opti-
mum setting need not correspond to one of the rows of
the matrix experiment. This is often the case when highly
fractioned designs are used. Therefore, as the final step, an
experimental confirmation is run using the predicted optimum
levels for the control parameters being studied.
2.6.2. Experimental procedure
The experiments were performed in two stages. In the first stage,

the effect of five variables on the overall mass transfer of the ammo-
nia was investigated. The variables investigated were: the initial
concentration of ammonia, the pH of the ammonia feed, the veloci-

concentration (ppm) VAcid (m/s) Salt concentration (M) K × 105 (m/s)

0.025 0 0.1206
0.05 0.5 0.6354
0.1 1 1.0923
0.2 1.5 1.1786
0.1 1.5 0.1219
0.2 1 0.6673
0.025 0.5 1.2075
0.05 0 1.3113
0.2 0.5 0.1225
0.1 0 0.6871
0.05 1.5 1.2739
0.025 1 1.3928
0.05 1 0.1230
0.025 1.5 0.6998
0.2 0 1.3188
0.1 0.5 1.4570
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Table 3
Amount of mass transfer coefficient in various runs.

Run Parameters

Ammonia feed velocity (m/s) Ammonia feed pH Stripping solution initial concentration (%) K × 105

1 0.106 11 3 1.3135
2 0.106 12 5 1.3255
3 0.106 13 7 1.3270
4 0.160 11 5 1.3928
5 0.160 12 7 1.4065

3 1.4070
7 1.4473
3 1.4607
5 1.4623
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6 0.160 13
7 0.213 11
8 0.213 12
9 0.213 13

ies of the ammonia feed and stripping solutions, and the presence
f excess ions in the ammonia feed solution. The temperature of
oth solutions was kept at 20 ◦C and the stripping solution con-
isted of 5% sulfuric acid. To perform the experiments, levels were
hosen for each factor based upon theoretical facts and experimen-
al limitations. Table 2 demonstrates the results of Taguchi design
or the first experimental stage. The second stage of experiments
as performed using the results obtained from the first stage. This

ime the effect of three variables including the pH of the ammonia
eed, the ammonia feed velocity and the concentration of the strip-
ing solution on the overall mass transfer of ammonia was studied.
he temperature of both solutions was kept at 20 ◦C and the ammo-
ia feed concentration was set at 800 ppm. The stripping solution
elocity was fixed at 0.025 m/s. Table 3 shows the experimental
esults for the second stage of experiments.

. Results and discussions

.1. First stage of experiments

.1.1. Profile of ammonia concentration vs. time
Fig. 3 illustrates how ammonia concentration varied with time.

t was observed that in all of the performed runs, except runs 1,
, 9 and 13, ammonia was almost completely removed from the
queous solution. Further analysis showed that this was due to the
ow pH (pH 8) of the feed solution in these runs which prevented
he conversion of NH4

+ into NH3 [2].
.1.2. Effect of different variables upon ammonia removal
In order to investigate the effect of different parameters on

he membrane performance, the overall mass transfer coefficient,
, was determined in each run, using the procedure described

Fig. 3. Ammonia concentration vs. time.
Fig. 4. Effect of different parameters on overall mass transfer coefficient.

in Section 2.5. Table 2 displays the results obtained. Using the
mean response, i.e. arithmetic mean of the obtained K values as
mentioned in Section 2.4, [16–18] we then investigated how each
parameter influenced the overall mass transfer coefficient. The
effect of each parameter on the K value is illustrated in Fig. 4.
Qualitek-4 is statistic-based commercially available software to
design and analyze Taguchi experimental design method. Mean-
while, the ANOVA, analysis tool of this software, was used to
determine the contribution of each parameter to the variation of
overall mass transfer coefficient (Table 4).

As demonstrated in Fig. 4 the overall mass transfer coefficient
increased noticeably with increasing pH over the range 8–10. How-
ever, as the pH further increased to 11, the mass transfer coefficient
was promoted with a lower degree. This might be due to the con-
siderably low concentration of NH4

+ at the pH values higher than
11 [2].

It is also observed that increasing the ammonia feed velocity
increased the overall mass transfer coefficient. The improvement
in the overall mass transfer coefficient might be due to the fact that

there is a transfer boundary layer near the wall of the membrane
which becomes thinner as the ammonia feed flow rate increases.
Consequently, the stripping rate of ammonia was enhanced as the
feed velocity was increased (due to a decrease in the liquid film

Table 4
Contribution of each parameter on overall mass transfer coefficient.

Parameter Contribution (%)

pH of the ammonia feed solution 96
Velocity of the ammonia feed solution 2.8
Concentration of ammonia in the feed solution 0.5
Velocity of the acid solution 0.5
Salt concentration 0.3
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removal.

3.1.5. Effect of stripping solution velocity
Fig. 7 shows the scaled ammonia concentration vs. time for

various stripping solution velocities (all other parameters were at
Fig. 5. Effect of ammonia feed velocity on overall mass transfer coefficient at

esistance). As it was observed, the velocity of the acid solution did
ot have the same effect and imposed a negligible effect on the
mmonia removal. This further confirms that the reaction between
mmonia and acid takes place at the interface of the acid solution
hich is in contact with the membrane’s outer surface.

The initial concentration of the ammonia and the amount of
xcess ions did not affect the overall mass transfer coefficient. As
ong as the amount of sulfuric acid in the system was sufficient
o remove the ammonia, the stripping process continued ensur-
ng the independency of ammonia removal from the ammonia
nitial concentration. In other words, the feasibility of using hollow-
ber membrane contactors for the treatment of wastewaters in
very broad range of ammonia concentrations was confirmed.
eanwhile, since diffusion of ammonia through the membrane

ores was independent of the existing electrolytes in the aqueous
olution; it is reasonable that this variable does not influence the
mmonia removal. This independency is an advantageous charac-
eristic of hollow-fiber membrane contactors compared to other

ethods which are restricted to either a particular range of ammo-
ia concentration or are sensitive to the presence of excess ions in
he ammonia solution.

According to the results exhibited in Table 4, the pH of the
mmonia feed played the most important role in the ammonia
emoval; after that the ammonia feed velocity was the most effec-
ive parameter. All other parameters imposed negligible effects on
he overall mass transfer coefficient and hence on the ammonia
emoval. The results are sensible according to the above explana-
ions.

The optimum conditions, according to the software analysis,
ere ammonia feed pH and velocity at their maximum and the

ther parameters at their minimum values. However, the values of
he stripping solution velocity and the salt concentration had neg-
igible effects on the ammonia removal where lowering the initial
mmonia concentration resulted in a faster removal of ammonia.

.1.3. Effect of pH and velocity of the feed solution
Since ammonia feed velocity and pH proved to be the most effec-

ive parameters in ammonia removal, their effects on the overall

ass transfer coefficient were studied while the other parameters
ere kept at their optimum conditions. These results are illus-

rated in Fig. 5. This Figure shows that increasing the pH improved
he overall mass transfer significantly up to pH 10 while a further
ncrease to 11 resulted in only a slight improvement.
nt ammonia feed pH values (other parameters are at their optimum values).

On the other hand, at lower values of the pH, an increase in the
ammonia feed velocity led less effective on the overall mass transfer
coefficient than when the pH was at the upper end of its range (i.e.
8). This phenomenon may be due to the fact that at low pH values
the majority of ammonia was not converted to free ammonia [2]
and thus substantial mass transfer did not take place. Increasing
the feed velocity did not significantly affect the ammonia removal
because there was not enough free ammonia to be removed.

3.1.4. Effect of initial concentration of the ammonia in the feed
Fig. 6 displays the scaled ammonia concentration vs. time for

different initial concentrations of ammonia in the feed solution. All
other parameters are at their optimum conditions. It can be seen
that the initial concentration of ammonia had a negligible effect on
ammonia removal. The overall mass transfer coefficient was about
1.47 × 10−5 (m/s) for all of the runs conducted. Since other tech-
niques of ammonia removal are only effective for a specific range
of ammonia concentration, this characteristic of membrane con-
tactors makes them superior to many other methods of ammonia
Fig. 6. Ammonia concentration vs. time at different ammonia feed initial concen-
trations (other parameters are at their optimum values).
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mass transfer coefficient was determined using ANOVA [16–18]
ig. 7. Ammonia concentration vs. time at different stripping solution velocities
other parameters are at their optimum values).

heir optimum conditions). The stripping solution velocity did not
oticeably affect ammonia removal. The overall mass transfer coef-
cient was calculated to be almost 1.47 × 10−5 (m/s) for all of the
uns performed.

.1.6. Effect of the presence of excess ions
The scaled ammonia concentration vs. time for different con-

entrations of an excess electrolyte (sodium chloride) is illustrated
n Fig. 8. All other parameters are at their optimum conditions.
he presence of salt in the feed solution did not affect ammo-
ia removal. The overall mass transfer coefficient was about
.47 × 10−5 (m/s) for all the runs performed. Since ammonia in
queous solution must be converted into NH3 form in order to per-
eate through the membrane pores and the presence of excess

ons does not influence this phenomenon, the latter variable did
ot show any adverse effect on the ammonia removal.

It is notable that the presence of excess ions has an adverse effect
n most methods used for ammonia removal. As most effluents con-
aining ammonia also include different types of salts, this feature of

embrane contactors makes them a superior device for ammonia
emoval.

.1.7. Effect of time
To investigate the effect of process duration, the removal effi-

iency of ammonia was calculated at 10, 30 and 50 min. The results
ere analyzed using ANOVA [16–18]. Comparison of these results
ives an understanding of how time influences the process. Fig. 9
llustrates the effect of this variable.

The effect of the pH of the ammonia feed increased as time
assed, while the effect of other parameters decreased. These
esults are explained by the fact that as time increases, the ammo-

ig. 8. Ammonia concentration vs. time at different salt concentrations in ammonia
eed (other parameters are at their optimum values).
Fig. 9. Changes of each parameter’s share on ammonia removal efficiency by time.

nia concentration in the feed solution decreases and the percentage
of ammonia converted in to free ammonia, which itself depends on
feed pH, becomes the dominant factor in ammonia removal.

3.2. Second stage of experiments

The experiments in this stage were performed to further inves-
tigate the effect of the pH of the feed solution and velocity of the
feed stream on the ammonia removal process. The values of 11, 12
and 13 were set for the ammonia feed pH, while the feed velocities
were set at 0.160, 0.116 and 0.213 (m/s). To investigate the effect
of ammonia concentration in the stripping solution on the ammo-
nia removal, the values of 3, 5 and 7 vol% were set for sulfuric acid
concentration.

3.2.1. Analysis of the effect of different parameters
In order to investigate the effect of different parameters on the

membrane performance, the amount of overall mass transfer coef-
ficient, K, was determined for each run following the procedure
described in Section 2.5. Table 3 displays the results obtained. Using
the mean response (i.e. arithmetic mean of K values for replicated
experiments) [16–18] the effect of each parameter upon the over-
all mass transfer coefficient was characterized. The effect of each
parameter on the K value can be observed in Fig. 10.

Furthermore, the contribution of each parameter on the overall
analysis (Table 5). The Qualitek software was used for the purpose.
Fig. 10 shows that the ammonia feed velocity was the most

effective parameter; after that ammonia feed pH imposed a slight
effect on the overall mass transfer coefficient. These results are not

Fig. 10. Effect of different parameters on overall mass transfer coefficient.
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Table 5
Each parameter’s share on overall mass transfer coefficient.

Parameter Share (%)
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Fig. 12. Effect of ammonia feed velocity on overall mass transfer coefficient at dif-
ferent ammonia feed pH Values.
Velocity of the ammonia feed solution 97.7
pH of the ammonia feed solution 2
Concentration of the stripping solution 0.3

orrespondent with former results. This has been attributed to the
act that setting the pH to a value higher than 11 does not have a
ignificant influence on the system. It should be notified that the
H4

+ concentration is considerably low at the pH values higher
han 11 and the predominant form is NH3. According to Eq. (4),
igher pHs (higher concentrations of OH−) shifts the equilibrium
o the left side, i.e. higher concentrations of NH3) [2]. Therefore, the
mmonia feed velocity becomes the dominant factor. The stripping
olution concentration did not affect the ammonia removal in the
ange studied. This indicates that as long as there is enough sulfu-
ic acid to react with ammonia, changes in its concentration do not
nfluence the ammonia removal.

H3 + H2O ↔ NH+
4 + OH−, (4)

= [NH+
4 ][OH−]

[NH3]
= 1.82 × 10−5,

.2.2. Effect of ammonia feed pH and velocity
The effects of the pH of the feed and feed velocity were

nvestigated at the mentioned conditions for the second stage of
xperiments while the stripping solution concentration was fixed
t 5 vol%. The results are displayed in Figs. 11 and 12. Increasing
he pH values over 11 did not noticeably promote the overall mass
ransfer coefficient. It is due to the way NH4

+ to NH3 conversion
hanges by pH changes. For instance, at pH 11, 98.23% of the ammo-
ia content is in NH3 form. By increasing the pH value to 12 and 13
he NH3 form of ammonia becomes 99.82 and 99.98, respectively
2]. At this stage the improving effect of ammonia feed velocity is

ore obvious.

.2.3. Effect of ammonia feed pH
To study the effect of ammonia feed pH, another set of exper-

ments were performed. The temperature of both solutions was
ept at 20 ◦C and the initial concentrations of the ammonia feed

nd stripping solutions were set at 800 ppm and 5 vol%, respec-
ively. The stripping solution and ammonia feed velocities were
xed at 0.025 and 0.213 m/s, respectively. The changes of overall
ass transfer coefficient with pH value are demonstrated in Fig. 13.

his shows that a pH of 11 was the optimum value for the removal.

ig. 11. Effect of ammonia feed pH on overall mass transfer coefficient at different
mmonia feed velocities.
Fig. 13. Effect of ammonia feed pH on overall mass transfer coefficient.

Considering the fact that the beneficial effect of increasing pH value
of the solution on the ammonia removal was not so significant for
pH value higher than 10, a pH 10 is recommended for ammonia
removal process to improve the durability of the membrane life
and other instruments.

4. Conclusions

4.1. The following conclusions can be drawn from the results of
the experiments in this study

1. The elimination of ammonia from wastewater using a microp-
orous hollow-fiber membrane contactor is very efficient. Under
optimized conditions the amount of ammonia removal is more
than 99%.

2. Increasing the pH value of the ammonia feed solution up to 10,
promotes the overall mass transfer coefficient and hence ammo-
nia removal significantly. Setting the pH of the feed solution at
values higher than 11 shows only a slight improvement. Fur-
ther increase in the pH value gives no considerable effect on the
ammonia removal. Although the best value of pH is 11, consider-
ation of economical problems associated with higher pH values
suggests setting a pH value of 10.
3. Increasing the ammonia feed velocity in the range studied
improved the overall mass transfer coefficient and consequently
ammonia removal.

4. The stripping solution velocity and concentration had negligible
effects on the ammonia removal.
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. The initial concentration of ammonia did not affect the over-
all mass transfer coefficient. This characteristic of hollow-fiber
membrane contactors makes them superior to many other
methods which only apply to a restricted range of ammonia
concentration.

. The presence of excess ions had no effect on ammonia removal,
while it is a burden for many other techniques of ammonia
removal. Since most effluents containing ammonia also include
several excessive electrolytes, this property is very advantageous
in hollow-fiber membrane contactors.
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